Annual series of three stochastic rainfall model parameters -the seasonal wet day amount (or intensity), the conditional dry-day probability (or dry-spell persistence), and the conditional wet-day probability (or wet-spell persistence) -were examined using daily rainfall records for ten UK stations for the period 1901-1995. The purpose was first, to determine the extent to which these indices of summer (June-August) rainfall were correlated with empirical orthogonal functions (EOFs) of summer North Atlantic sea surface temperature (SST) anomalies: second, to evaluate the skill of EOFs of preceding winter (December-February) SSTs for summer rainfall forecasting and downscaling. Correlation analyses suggest that observed increases in summer dry-spell persistence since the 1970s coincided with positive SST anomalies in the North Atlantic. In contrast, wet-spell persistence and intensities were relatively weakly correlated with the same patterns, implying that the use of SSTs is justifiable for conditioning occurrence but not intensity parameters. Furthermore, the correlation strengths were greater for EOFs of SSTs than those reported for area-average SST anomalies, indicating that the pattern of SST anomalies conveys important information about seasonal rainfall anomalies across the UK. When EOFs of winter SSTs were used to forecast summer rainfall in Cambridge, the skill was once again greater for dry-spells than either wet-spells or intensities. However, even for dry-spells, the correlation with observationswhilst statistically significant -was still rather modest (r<0.4). Nonetheless, the results are comparable to previous investigations of summer rainfall across Europe, and suggest that forecasting skill (across the UK) originates from the predictability of the rainfall occurrence process.
Introduction
Statistical downscaling is analagous to the "model output statistics" (MOS) and "perfect prog" approaches used for short-range numerical weather prediction (Klein and Glahn, 1974) . All three applications use empirical relationships between climate variables at large spatial (or temporal) scales to simulate weather at smaller scales, given gridded predictor variables. Such techniques have been implemented widely within the climate change impacts community to generate high resolution climate series from the output of General Circulation Models (see the reviews of Giorgi and Mearns, 1991; Wilby and Wigley, 1997) . It is evident that large-scale weather indices can also be downscaled for seasonal forecasting of hydrometeorological variables at station and river catchment scales (Clark et al., 2001; Wilby, 2001) .
However, it is recognised that statistical downscaling models, conditioned only by sequences of daily atmospheric circulation patterns, seldom fully characterise low-frequency behaviour in precipitation records. This deficiency applies more generally to weather generator models and has been discussed at length elsewhere (e.g. Buishand, 1978; Gregory et al., 1993; Katz and Parlange, 1998; Wilks, 1989 Wilks, , 1999 Wilks and Wilby, 1999) . Perhaps the most appealing explanation for the 'missing variance' is that observed rainfall statistics vary over decadal time-scales, and that conventional statistical models -employing parameters that change only through fixed seasonal or annual cycles -are not sufficiently complex to capture such variability. This assertion is supported by studies in which unconditional weather models have been compared with models that use mixtures of slowly and rapidly varying predictor variables. For example, Parlange (1993, 1996) used a twostate index of monthly mean sea level pressure to condition daily rainfall parameters for sites in California and found that the conditional model reduced the over-dispersion of monthly precipitation that was evident in the output of an unconditional model. Kiely et al. (1998) applied a similar approach to condition the occurrence and intensity parameters of a daily precipitation model for Valentia, Ireland and acquired improved estimates of the standard deviation of monthly precipitation. Wilby (1998) obtained modest improvements in monthly precipitation statistics for sites in central and eastern England using the North Atlantic Oscillation (NAO) index and sea surface temperature (SST) anomalies linearly to condition the seasonal parameters of a stochastic rainfall model.
Such results suggest that the realism of statistical rainfall models may be enhanced using mixtures of stochastic processes. In this respect, SST anomalies are potentially useful conditioning variables because a significant component of inter-annual (and inter-decadal) regional climate variability is due to ocean-atmosphere coupling (e.g. Cayan et al., 1998; Dai et al., 1998; Fraedrich and Muller, 1992; Gershunov and Barnett, 1998; Wilby, 1993) . As well as describing historic variations in atmospheric circulation patterns, regional rainfall and temperature, SSTs have also been used for seasonal weather prediction. For example, knowledge of North Atlantic SST anomaly patterns in winter can be used to make forecasts of subsequent summer weather across Europe (e.g. Barnston, 1994; Colman, 1997; Colman and Davey, 1999; Johansson et al., 1998) . By using SSTs as one of the inputs to an expert system-based approach, it may be possible even to offer climatic forecasts (or outlooks) one to several years in advance (Rodionov and Martin, 1999) .
In the present study, the annual series of three stochastic rainfall model parameters (the seasonal wet day amount or intensity, µ, the conditional dry-day probability, p dd , and the conditional wet-day probability, p ww ) are examined for multiple stations in the UK. Each parameter was derived from 92 days of daily rainfall in summer (June-August) for each year since 1901. This analysis was made firstly to determine the extent to which the three parameters correlate with summer North Atlantic SST anomalies because of concerns about marked changes in the spatial and temporal character of summer rainfall across the British Isles since the 1970s, with concomitant water resource impacts (Conway, 1998; Jones and Conway, 1997; Marsh and Turton, 1996; Mayes, 1996 Mayes, , 1998 . Secondly, it was done to evaluate the skill of summer rainfall forecasts derived from statistical downscaling models that use preceding winter (December-February) SSTs. This work complements previous investigations of seasonal forecasting of rainfall at regional and national scales (Colman and Davey, 1999) , and provides further insight into the predictability of summer rainfall anomalies across the UK. As in previous work, it is assumed that large-scale predictor(s) reproduce the spatial dependency of precipitation amongst neighbouring sites (e.g. Hughes and Guttorp, 1994) .
Data and methods
Two data sets were used to investigate the relationship between eigenvectors of North Atlantic SST anomalies and summer rainfall parameters during the period 1901-1995.
DAILY RAINFALL
Data were obtained for ten UK Meteorological Office stations (see Table 1 and Fig. 1 ), selected on the basis of their longevity and geographic coverage of central, southern and eastern England/Scotland. These regions were chosen because they were most severely impacted by recent summer Table 2) droughts (Marsh and Turton, 1996) . To remove the effect of "trace" rainfall amounts on parameter estimates, all days with precipitation totals less than or equal to 0.3 mm were treated as "dry" days. Two conditional rainfall probabilities were computed for each summer season in the period 1901-1995, resulting in a pair of sequences 95-values long at each site. Both probability statistics were calculated for the period June to August (i.e. from a sample of 92 days every year). The conditional dry-day probability, p dd , given by p dd = Pr {no precipitation on day t | no precipitation on day t-1}
and the conditional wet-day probability, p ww , by p ww = Pr {precipitation on day t | precipitation on day t-1},
describe the general tendency for wet-and dry-days to cluster, and assume geometric distributions of spell lengths. The two parameters underpin conventional Markov models of the rainfall occurrence process and are used initially as indices of summer dry-/wet-spell persistence since 1901. In addition, one rainfall intensity parameter was derived for each summer season at each station for 1901-1995. The simplest reasonable model for daily precipitation amounts is the exponential distribution (Richardson, 1981) , whose probability density function is:
and requires specification of only one parameter, µ, the average non-zero precipitation amount. Despite its simplicity, the distribution reproduces qualitatively the strong positive skewness exhibited by daily precipitation data, with variance σ 2 = µ 2 .
Fig. 1. Station locations
Several of the stations have been used previously to investigate long-term rainfall variations across the British Isles (as in Wigley and Jones, 1987; Gregory et al., 1991; Jones and Conway, 1997) . However, to produce continuous series, it was necessary to homogenise data at three sites (EN, EH and NG) by overlapping records from "old" and "new" station locations. The homogenisation was accomplished by computing the three parameters (µ, p dd and p ww ) at both stations, next regressing equivalent pairs of parameters and, finally, interpolating missing parameters at the original sites. Table 2 provides details of the stations used to homogenise the rainfall series, the amount of explained variance and the standard error of the bridging equations. Clearly the regression procedure does not preserve all of the variance in the series on a year to year basis, but decadal scale variability in the reconstructed parameters was considered adequate for the detection of decadal scale forcing.
SEA SURFACE TEMPERATURES
Gridded (4° latitude by 4° longitude) monthly sea surface temperatures for the North Atlantic sector (40°N-65°N and 40°W-10°E) were extracted from the corrected GISST2.3 (Global Sea Ice and Sea Surface Temperature) data set (Folland and Parker, 1995) . Seasonal anomalies were computed relative to the 1901-1995 climatology to maintain consistency with the precipitation series (see above). The chosen domain approximates that employed by Colman (1997) to forecast July-August Central England Temperatures, but it is acknowledged that further work is needed to verify the optimal size, shape and location of the domain with respect to the explanation of target variables (see Braud et al., 1993) . Separate sets of empirical orthogonal functions (EOFs) were computed for winter (December-February) and summer (June-August) using annual series of gridded SST anomalies for each season.
The four leading EOFs of the winter ( Fig. 2) and summer ( Fig. 3 ) SSTs explain the majority of the variance (79% and 82% respectively). EOF1 explains 32% of the total variance in winter and 34% in summer, and is associated with positive loadings throughout the domain in both seasons. EOF2 explains 24% of the total variance in winter and 20% in summer. This pattern is characterised by positive loadings in the western Atlantic and negative loadings to the north and east. EOF3 is most strongly correlated with the NAO time series based on the normalised difference in mean sea level pressure between Stykisholmur in Iceland and Lisbon, Portugal (Hurrell, 1995) . The correlation between EOF3 and the NAO index was slightly stronger in winter (r = -0.41) than in summer (r = -0.37). Finally, the loadings of EOF4 display a tripole pattern with positive loads to the south and west of the European seaboard and strong negative loads in the mid Atlantic and off the coast of Scandinavia.
North Atlantic forcing of summer rainfall
Figures 4, 5 and 6 show the 30-year moving averages of summer p dd , p ww and µ parameters respectively at each station. The expected variability (standard error) due to sampling is also shown with respect to corresponding longterm means. Parameter values lying outside shaded regions were not, therefore, considered representative of the longterm mean, or attributable to sampling effects. Rather, the inference is that large-scale forcing is at work. Significant (α<0.05) linear trends in the annual time-series of p dd for the period 1901-1995 arose at five stations (CA, EN, NG, OX and PL). As Fig. 4 indicates, however, all sites display a marked and synchronous increase in p dd since the 1970s, indicating a tendency towards more persistent summer dry-spells in recent decades. Over the same period there was a general reduction in the persistence of wet-spells as indicated by the p ww parameter (Fig. 5) significant. The series for µ show less homogeneity between sites and only EN returns a significant increase in mean summer wet-day amounts. Nonetheless, most stations display a wet-day minimum for the 30-year period ending in the 1950s, an increase over the following three decades, and thereafter a general decline. The consensus of Figs. 4 to 6 is a shift towards shorter summer wet-spells with lower intensities, separated by longer dry-interludes -a pattern that is consistent with reports of increased summer drought severity (Marsh and Turton, 1996) and higher summer indices (Mayes, 1998) since the 1970s. From these preliminary analyses it is evident that there have been significant inter-decadal variations in the parameters describing UK summer rainfall since 1901. To investigate possible relationships between daily rainfall occurrence and the four leading EOFs of the North Atlantic SST anomalies, it was first necessary to transform p dd and p ww using the technique of logistic regression (see Kilsby et al., 1998) . This ensures properly bounded probability estimates are returned by the predictors (i.e. between zero and one). Precipitation model parameters and EOFs for the 50-year period 1946-1995 were used for both the correlation and regression analyses described below. Table 3a shows that summer p dd was most strongly and most consistently correlated with EOF1 (and to a lesser extent EOF3) when considering summer SSTs. All sites returned significant correlations for EOF1 and EOF3 (with the marginal exception of EH for EOF3). Correlations with EOF1 ranged from r = +0.38 at DU to r = +0.54 at PL, and from r = -0.27 at DU to r = -0.42 at CA for EOF3. Only CA and PL returned statistically significant correlations between p dd and EOF2, and there were no significant correlations between p dd and EOF4 at any of the sites.
In comparison with p dd , equivalent correlations for p ww were both weaker and less numerous (Table 3b ). The strongest correlation between p ww and EOF1 was r = -0.46 (NG), and for EOF3, r = +0.35 (EH). No significant correlations were returned for p ww versus either EOF2 or EOF4 at any site. These results suggest that North Atlantic SSTs exert greater influence on conditional dry-day probabilities than wet-day probabilities. In other words, ocean temperatures are more useful predictors of wet-day absence than occurrence. This is to be expected given the highly problematic task of statistically downscaling summer rainfall events which tend to be of convective origin and often highly localised phenomena.
For the same reasons, Table 3c shows that North Atlantic SSTs have very limited explanatory power for summer rainfall intensities across the UK. Given that two significant correlations would be expected to occur by chance from 40 tests at a confidence level of 95%, it is unreasonable to draw any definitive conclusions from the few significant results returned. This outcome supports previous studies showing that most of the UK lies outside the region of significant correlations between summer SSTs and rainfall amounts (Colman, 1997; Colman and Davey, 1999; Wilby, 1998) .
From the preceding trend and correlation analyses, it is clear that dry-spell persistence was most sensitive to summer SST forcing and that wet-spell persistence and intensities had only limited predictability -even from concurrent ocean temperatures. Therefore, the remainder of the paper will focus on p dd . Accordingly, Fig. 7 shows the extent to which the combination of EOF1, EOF2 and EOF3 (see Table  3a ) describes year-to-year variations in p dd at CA when entered into a multiple linear regression model. The three leading EOFs explain 46% of the observed variance in p dd , for the period 1946-1995 but it is conceded that the results for CA are likely to be the best-case scenario (given the relatively high correlations shown in Table 3a ). Although the modelled and observed p dd time-series are in broad Table 4a shows that EOF3 of the winter SSTs (see Fig. 3 ) was significantly (negatively) correlated with summer dryspell persistence, p dd at six out of the ten sites, with a minimum of r = -0.41 for CA. In comparison, the p ww and µ parameters returned no consistent preference for any of the leading EOF predictors. Therefore, using winter (December-February) EOF3, predictions were made only for p dd at Cambridge (CA) considering each year in turn between 1946-1995. As in Colman and Davey (1999) a jackknife technique and inflated linear regression were used to relate the series. The jack-knifing excludes the target year from the data when the logistic regression equation is trained. The two years immediately following the target year were also excluded to negate autocorrelation effects. Finally, the inflated regression ensures that the variance of the regressed p dd was made equal to the variance of the observed p dd . (Predictions for CA, once again, probably demonstrate the model at its best).
Jack-knife predictions of summer p dd were significantly positively correlated with observed series at CA (r = +0.34). Negative (positive) values of EOF3 for winter SSTs were associated with higher (lower) dry-spell persistence. As Fig.  8a shows, the forecasted time-series of p dd captured the general (upward) trend of the observations over the 50-year period but performed rather poorly for individual seasons. The significant underestimation of p dd by the model in 1966 and over-estimation in 1984 were particularly noteworthy. However, the forecasting skill of the model was still greater than persistence, a simple measure of zero-order forecast skill. For example, the autocorrelation between p dd in spring and p dd in summer was r = +0.04.
The forecasting skill of the logistic regression model of summer p dd was attributed to three factors: [1] strong persistence of North Atlantic SST anomalies between winter and summer (Colman, 1997; Wilby, 1998); [2] covariance between North Atlantic SSTs, atmospheric circulation patterns and precipitation over northwest Europe (Hurrell, 1995); and [3] higher predictability of precipitation absence than occurrence across the UK. Figure 8b (and a comparison of Fig. 2 versus Fig. 3 ) shows that the winter EOF3 and summer EOF3 series were highly correlated (r = +0.54). Furthermore, EOF3 for both winter and summer were correlated with the winter NAO index, with high (low) values of EOF3 corresponding to negative (positive) phases of the NAO. This is consistent with agreement, the predictors failed to reproduce the magnitude of the most severe dry-spell in 1976. However, the regression model did capture the general increase in dry-spell persistence between the 1960s and 1980s, as well as the very persistent dry-spells in 1983, 1989, 1990 and 1995. Seasonal forecasting of summer dryspells Analyses of UK rainfall records suggests that there have been significant decadal variations in the parameters that typically underpin 'chain dependent' stochastic rainfall models (see Figs. 2 to 4) , and that many of these changes correlate with summer ocean temperatures in the North Atlantic. Specifically, there has been an increase in dry-spell persistence since the 1970s that attained unprecedented levels in the 1990s at all sites but was most pronounced in central England (CA, EN, NG and OX) . This parameter was most strongly (positively) correlated with EOF1 of the summer SSTs (which was characterised by positive anomalies throughout the North Atlantic), and negatively correlated with EOF3 (which was in turn correlated with the North Atlantic Oscillation, a measure of the strength and position of the westerlies across the British Isles). In contrast, the wet-spell persistence parameter was weakly (negatively) correlated with EOF1, and the rainfall intensity parameter was generally uncorrelated with any of the four leading EOFs. These findings suggest that it is legitimate to condition the occurrence parameters of multi-site statistical models of UK summer rainfall on concurrent SSTs but not necessarily for the intensity parameter.
This raises the question: might summer precipitation occurrence be more predictable from preceding SSTs than summer precipitation amounts? Previous studies have already concluded that forecasting summer rainfall totals is more problematic than summer temperatures (Colman, Fig. 7 . Annual series of observed and modelled summer p dd at Cambridge, 1946-95 . Higuchi et al. (1999) who found a significant coherent relationship between the NAO and North Atlantic SSTs at interannual and interdecadal timescales. Since positive phases of the NAO are generally associated with a more northerly track of the westerlies and with above normal rainfall over Scotland and negative rainfall anomalies over central, eastern and southern England , this pattern largely explains the recent tendency for longer summer dry-spells at Cambridge.
Concluding remarks
Long-term (>90 year) records of daily rainfall at ten stations in the UK exhibit decadal variations in parameters that are frequently used for stochastic rainfall modelling and statistical downscaling (see the review of Wilks and Wilby, 1999) . For instance, summer dry-spell persistence, p dd , has increased steadily since the 1970s at all sites. In contrast, statistically significant changes in the mean wet-day amounts, µ, were found at only one station (compared with significant increases in p dd at five sites). This implies that long-term changes in the frequency and severity of UK summer droughts have been due to greater dry-spell persistence (i.e. fewer rain days) as opposed to lower rainfall intensities. Rainfall occurrence parameters (p dd and p ww ), computed , 1946-95. for all summers between 1946-1995, were correlated significantly with leading EOFs of summer North Atlantic SSTs. Conditional dry-day probabilities, p dd were most positively correlated with EOF1, a pattern associated with positive SST anomalies in the mid-Atlantic, and negatively correlated with EOF3, a pattern anti-phased with the North Atlantic Oscillation (NAO) index. Thus, a greater affinity for longer summer dry-spells over central, southern and eastern England coincides with above average ocean temperatures and positive phases of the NAO. As might be expected a priori, these periods also coincided with lower wet-spell persistence, as indicated by the p ww parameter. However, interannual variations in summer rainfall intensities, µ, were not consistently conditioned by any of the leading EOFs of summer SSTs. These findings indicate that there is some rationale for conditioning rainfall occurrence parameters on concurrent SSTs, but not intensity parameters -a distinction that might account for the rather modest improvements in monthly rainfall statistics reported for other conditional models (Katz, pers. comm.; Wilby, 1998) . A further explanation for the low percentage of explained variance in precipitation parameters reported in earlier studies is that domain average SSTs or sea-level pressure anomalies were employed as predictors rather than EOFs. In other words, a significant component of the forcing is attributed to the distribution of SST or pressure anomalies in the North Atlantic as well as their absolute values. For example, using a comparable domain to the present study and the same data sets, Wilby (1998) showed that areaaverage SST anomalies explained just 5% of the variance in summer p dd at Cambridge, compared with 46% reported herein for the three leading EOFs. Clearly EOFs have greater information content than simple area-averages; they may also aid elucidation of the underlying physical mechanisms (e.g. changes in dominant storm tracks, blocking patterns, regional airflows, etc.)
The analysis of model parameters also implies that the forecasting skill for summer rainfall totals over England and Wales reported by Colman and Davey (1999) may originate from skillful predictions of the rainfall occurrence (p dd and p ww ) component rather than mean rain day amounts, µ . This is because only summer p dd was correlated significantly with winter SSTs at the chosen sites. Even so, the forecasting skill for p dd in the present study was still relatively low (r = +0.34) compared with that of >0.5 reported for July-August Central England Temperatures (Colman, 1997) . This raises the issue of the practical (as opposed to statistical) significance of such forecasts. For individual years, it was demonstrated that the forecasted p dd values may be in significant error; yet over decadal timescales, the SSTs track the tendency towards greater drought severity since the 1970s. This implies that the strategic management of water resources in the UK may benefit from improved understanding of the current and future multi-decadal behaviour of North Atlantic ocean temperatures. In this respect, spectral analyses might help elucidate the periods of maximum coherence between SSTs and station rainfall whilst recognising the non-stationarity of the variability in both series (as in Benner, 1999) .
Finally, it should be acknowledged that statistically downscaling daily precipitation parameters for summer months using spatially and temporally remote predictors is problematic. By nature, summer rainfall is highly localised in space and time; therefore, greater forecasting success might be expected at the station scale for other seasons when frontal as opposed to convective mechanisms predominate. In contrast, rainfall absence is probably most skillfully downscaled in spring and summer when anticyclonic airflows are most prevalent.
